Measurements of positron-molecule binding energies are made for molecules with large permanent dipole moments (>2:7 D), by studying vibrational-Feshbach-mediated annihilation resonances as a function of incident positron energy. The binding energies are relatively large (e.g., ! 90 meV) as compared to those for similar sized molecules studied previously and analogous weakly bound electronmolecule (negative ion) states. Comparisons with existing theoretical predictions are discussed. DOI: 10.1103/PhysRevLett.104.233201 PACS numbers: 34.80.Uv, 34.80.Lx, 71.60.+z, 78.70.Bj While the interaction of positrons with ordinary matter is important in many areas including medicine, materials science, and astrophysics, many basic phenomena are poorly understood. One such process is the binding of positrons to matter, where factors such as electron-positron correlations and the role of virtual positronium formation have proven difficult to treat theoretically [1] , and the transient nature of the positron-matter complexes makes them difficult to study experimentally [2] .
While the interaction of positrons with ordinary matter is important in many areas including medicine, materials science, and astrophysics, many basic phenomena are poorly understood. One such process is the binding of positrons to matter, where factors such as electron-positron correlations and the role of virtual positronium formation have proven difficult to treat theoretically [1] , and the transient nature of the positron-matter complexes makes them difficult to study experimentally [2] .
There is theoretical evidence that positrons can bind to atoms [1] , however, existing calculations for molecules are much less precise [3] [4] [5] [6] [7] [8] . On the experimental front, there have been no measurements of positron binding to atoms, primarily due to the difficulty in forming positron-atom bound states in two-body collisions. In contrast, positrons have been found to attach to molecules via Feshbachresonances in which a vibrational mode absorbs the excess energy. These resonances result in large enhancements in the annihilation rate [9, 10] . This process has been employed to measure positron binding energies b using the relation
where is the energy of the annihilation resonance due to vibrational mode with energy ! . Using this technique, values of b have been measured for more than 30 molecular species [11] . Theoretical work has focused on small molecules with relatively large permanent dipole moments (e.g., 2.3-6 D) [3] [4] [5] [6] [7] [8] , while the measurements to date have been done on larger molecules that are either nonpolar, or have dipole moments <2 D. Binding to these molecules is largely due to the dipole polarizability of the molecule, with only a relatively small enhancement from [12] . Presented here are measurements of b for four relatively simple molecules, acetaldehyde ðCH 3 ÞHCO, acetone ðCH 3 Þ 2 CO, acetonitrile ðCH 3 ÞCN and carbon disulfide. All except CS 2 have large dipole moments (i.e., ! 2:7 D). The latter molecule is a comparison case of a small (i.e., triatomic) molecule with ¼ 0 but with a relatively large dipole polarizability.
The binding energies reported here range from 75 meV for CS 2 to 180 meV for acetonitrile. They are large compared to those expected on the basis of previous measurements for similarly sized molecules [12] , and those predicted theoretically (e.g., for acetone [8] ). They are also quite large compared to those measured for analogous weakly bound electron-molecule (i.e., negative ion) states [13] . Contrasting with previous measurements, the new data highlight the importance of large dipole moments, e.g., ($2:7-4 D) in producing enhanced binding. New calculations for these molecules are in progress [14] , and a very recent result for acetonitrile predicts a value within 30% of the measurement reported here [15] . This ability to compare theory and experiment represents a significant step in understanding positron binding to matter.
The experimental procedures to measure molecular annihilation rates as a function of incident positron energy in a room-temperature gas are discussed in detail in Ref. [11] . Positrons from a 15 mCi 22 Na source and neon moderator are accumulated and cooled to 300 K in a three-stage, Penning-Malmberg, buffer-gas trap. Energy-tunable positron pulses, formed at a 3 Hz rate, are magnetically guided through a cylindrical electrode filled with the test gas. The kinetic energies of the incident positrons are adjusted by varying the bias voltage on the gas cell. The beam energy distribution is the convolution of a Maxwellian of width 25 meV (FWHM) to account for the gyromotion in the plane perpendicular to the magnetic field with a Gaussian with the same width to account for the motion parallel to the field [11] . This results in an asymmetric distribution in total positron energy and a 12 meV downshift of the resonant peaks relative to the peaks in positron parallel energy [11, 16] . The data here are plotted as a function of total positron energy taken to be 12 meV larger than the mean parallel energy. Binding energies are obtained by identifying the vibrational resonances in the annihilation spectra and using Eq. (1).
2À annihilation events are detected using a single CsI detector. Positron pulses are kept in flight and pass through the gas cell 2 or 3 times within the time window in which annihilation events are recorded. Absolute values of Z eff
week ending 11 JUNE 2010 for test species are obtained from measurements of the incident positron energy, the positron pulse strength, the path length in view of the detector, and the test-gas pressure. Uncertainties in the test-gas pressure (measured with a manometer) and other parameters are estimated to result in a AE20% uncertainty in Z eff . Time-of-flight measurements of the beam pulses indicate an electrical-potential uniformity of approximately AE10 meV in the gas cell. Drifts of the beam energy over data runs are kept to 5-10 meV. Because of uncertainties from scattering at small positron energies, only data for incident positron energies of ! 50 meV are shown.
Shown in Figs. 1-4 are annihilation-rate spectra resolved as a function of total positron energy for acetaldehyde, acetone, acetonitrile and CS 2 , respectively. The annihilation rates are given in terms of the quantity Z eff , where Z eff ¼ =ðr 2 0 cn m Þ, and , r 0 , c, n m , are the measured annihilation rate, the classical electron radius, the speed of light, and the density of the molecular gas, respectively. The value Z eff ¼ Z is the rate expected for a positron in a free electron gas of density n ¼ Zn m , where Z is the number of electrons on the molecule [17] . Because of vibrational Feshbach resonances (VFR), all four molecules exhibit resonant peaks and large annihilation-rate enhancements above the free-electron-gas value, i.e., To ascertain that the CH mode identification is correct, we also measured the spectra for the fully deuterated analogs of these molecules. An example is shown in the inset to Fig. 1 , where the measured annihilation spectrum of acetaldehyde-d4, ðCD 3 ÞDCO, is shown. The vertical lines show the locations of the IR-active vibrational modes shifted by the same 90 meV binding energy. It can be seen that the CO mode peak stays fixed near 0.13 eV for both data sets, but the peak near 0.28 eV is shifted down to 0.18 eV in the deuterated data, as expected for the change from the CH to CD modes. Similar shifts (not shown) are observed for acetone-d6 and acetonitrile-d4, verifying the identification of the highest-energy peak as due to the CH stretch mode [9, 11] . Based on the shifts of these peaks, the measured binding energies are 90, 173, 180, and 75 meV, for acetaldehyde, acetone, acetonitrile, and CS 2 , respectively, with estimated systematic uncertainties of AE10 meV.
A theory by Gribakin and Lee describes the spectrum of annihilation resonances due to vibrational modes (possibly including combination or overtone modes), given the value of b [16] . The dashed curves in Figs. 1-4 are the predictions of this theory, broadened by the experimental positron energy distribution, including only fundamental IR- 2 (color online) . Energy-resolved annihilation-rate spectrum of acetone ðCH 3 Þ 2 CO. Notation is as in Fig. 1 . The solid and dashed curves correspond to b ¼ 173 meV. Mode energies are from Ref. [28] .
FIG. 3 (color online)
. Energy-resolved annihilation-rate spectrum of acetonitrile ðCH 3 ÞCN. Notation is as in Fig. 1 . The solid and dashed curves correspond to b ¼ 180 meV. Mode energies are from Ref. [29] .
active modes assumed to contribute maximally, with no adjustable parameters beyond b . The theory does a good job of representing the high-energy CH stretch peak in acetonitrile and the CS vibration in CS 2 . Similar agreement is obtained for the CH peak in acetaldehyde if a sixth, nominally IR-inactive, mode is included. However, the entire spectrum for acetone and the low-energy spectra of both acetaldehyde and acetonitrile show clear differences. This is likely due to enhancements to the annihilation rate due to intramolecular vibrational redistribution (IVR) [11, 18] . The solid lines in Figs. 1-3 show fits to the respective spectra, using the measured positron beam energy distribution and fitting both the value of b and the resonance amplitudes for the CO mode in acetaldehyde, all modes in acetaldehyde-d4, the CN mode in acetonitrile, and all modes in acetone.
In all of the hydrocarbon molecules, the lowerfrequency modes match better to a slightly smaller binding energy (e.g., Á $ 10 meV) than that obtained from the high-energy CH stretch peak. This same effect is observed in the comparison of the CH and CD stretch peaks in acetaldehyde. It is independent of gas pressure and thus does not appear to be due to elastic scattering. This effect is not understood and warrants further study.
The positron binding energies measured to date are relatively small on the atomic scale (i.e., b ( 1 eV), and so the positron wave function is expected to be diffuse compared to that for the electrons. There are two classes of negative ions (i.e., electron-molecule complexes). In the first, the extra electron is accommodated in a spatially compact valence orbital. In this case, the electron affinity depends on the orbital energy, ranging from unbound to deeply bound (e.g., open shell orbitals). The second class of negative ions has a large and diffuse electron cloud which is only weakly bound to the molecule, and attributed to electron coupling to and [13] . This type of anion is analogous to the one we focus on here.
In Table I , the four molecules studied are compared with molecules for which positron and electron binding energies have been calculated and/or measured. Included is the very recent configuration-interaction calculation for acetonitrile that predicts b ¼ 135 meV [15] , which is within 30% of that reported here. An improved calculation for acetone, using the same technique, is in progress. The negative ions in Table I are restricted to those with closed valence shells. Several trends are apparent. Generally, larger values of and produce larger binding energies. Where comparisons are available, the values of b for positrons are considerably larger than those for electrons. This is consistent with a trend noticed earlier comparing electron binding to CO 2 clusters [25] to positron binding to (similarly nonpolar) alkane molecules. The effect of large on b in the positron case appears to be particularly strong.
A previous analysis, restricted to a data set for which & 2 D showed that the positron binding energies b (in meV) for nonaromatic molecules could be parameterized by the empirical relation [12] 
where and are in the units indicated in Table I . With the possible exception of CS 2 (discussed below), the new measurements presented here do not follow this scaling, but exhibit a stronger dependence upon and .
Comparing acetaldehyde and acetonitrile, the coefficient of the term is larger by a factor $4, increasing to 78 meV=D. Increased sensitivity to is also observed. Comparing acetone and acetaldehyde, the coefficient of the term is also increased by a factor of $4 beyond that in Eq. (2) to 50 meV= # A 3 . There are not enough data to discern an actual dependence upon parameters in this regime other than to establish that the simple scaling in Eq. (2) does not apply. Whether, in fact and are appropriate variables in this case is unclear.
It is known that a static dipole can bind an electron or positron when ! 1:625 D [26] . In contrast, experimen -FIG. 4 (color online) . Energy-resolved annihilation-rate spectrum of carbon disulfide CS 2 . Notation is as in Fig. 1 . From the best fit, the positron binding energy is 75 meV. Mode energies are from Ref. [30] . PRL 104, 233201 (2010) P H Y S I C A L R E V I E W L E T T E R S week ending 11 JUNE 2010 tal studies of electron-molecule binding indicate that must be *2:5 D for binding energies of meV or greater [20] . As the binding becomes stronger, the dipole can potentially localize the positron on a portion of the molecule. In this case, one might expect b to depend upon the local, rather than the total value of . In the case of CS 2 with ¼ 0, the measured value of b is closer to that predicted by Eq. (2) with 40 meV predicted vs 75 meV measured. There is some evidence in small molecules that bonds enhance the binding above that predicted by Eq. (2), and this could explain at least part of this discrepancy [12] . Carbon disulfide has a permanent quadrupole moment and this also might contribute to the binding energy [21] .
Details of the spectra presented here show a number of interesting effects. For example, while CS 2 fits well the predictions of the single-mode theory of Ref. [16] , the largest molecule studied, acetone, shows relatively strong IVR at all resonant peaks. Acetaldehyde and acetonitrile exhibit intermediate behavior, whereby the highest energy (CH stretch) peaks have amplitudes close to those predicted by the theory, while the lower energy modes (CO or CN) are enhanced due to IVR. This mixed behavior may provide some insight into the criterion (i.e., the threshold) for IVR.
In this Letter, we report new data for positron-molecule binding energies, exploring the regime of dipole moments > 2 D. The binding energies for these species are found to be larger than those for similar sized molecules with smaller values of , and they also exhibit a much stronger dependence on and . The relative simplicity of these molecules and their large binding energies make them good candidates for theoretical investigations, several of which are currently in progress. When compared with the electron binding energies for the analogous negative ions, the positron binding energies studied here are 10-100 times larger. These strikingly large differences are completely unexpected, for example, on the basis of simple coupling to a permanent dipole moment and are presently not understood. Whether they might be due to the absence of the exchange interaction or to electron-positron correlations is unclear. It is one of a number of topics in this area that warrant further study.
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